described several alterations in hippocampal responses to perforant path stimulation which accompany exploratory activity. Animals transferred from one environment to another exhibited substantial increases in population EPSPs, and large decreases in both the amplitude and the peak latency of population spikes. These changes are unlike the "gating" effects of behavioral state reported by Abzug (1977, 1978) in that they considerably outlast the behaviors that produce them and (as shown here) can be dissociated from the EEG state of the hippocampus.
In this report we describe several new observations that aid in the interpretation of the possible mechanisms and functional significance of these effects. Transportation of animals from their home environment to a different location was accompanied by: (1) an increase in the incidence of exploratory behavior, and EEG theta rhythm, (2) a substantial, reliable, and persistent (more than 15 min) elevation in the size of the evoked field EPSP recorded at the site of synaptic activation in the stratum moleculare and in the stratum granu/osum/hi/us, and (3) a reduction in the evoked population spike, and (paradoxically) in the latencies to spike onset and peak. There were no associated changes in the spike threshold (defined as the magnitude of the field EPSP at spike onset), the amplitude of the presynaptic fiber volley, or the fractional change in the second synaptic response during paired-pulse stimulation (suggesting the absence of a change in fractional transmitter release). Neither the motor component of exploratory behaviors nor the hippocampal theta rhythm itself was sufficient to account for the changes in the synaptic and spike components of the response.
Thus, the changes may depend on reorientation of the animal's sensorium during exploration, rather than on movement per se or the associated hippocampal theta rhythm. The results of these experiments suggest that exploration-related EPSP growth is due neither to granule cell hyperpolarization nor to changes in the distribution of current sources and sinks on granule cells. Rather, the data suggest that exploratory behavior is accompanied by a substantial increase in evoked synaptic efficacy in granule cells, an increase that long outlasts the behavior that produces it. A possible role for these alterations in information processing and memory is discussed.
Exploratory
behavior in rats is accompanied by several slowly decaying alterations in the components of electrically evoked synaptic responses in the fascia dentata of the hippocampal formation (Sharp et al., 1985 (Sharp et al., , 1986 (Sharp et al., , 1989 . These alterations include a robust increase in the magnitude of population EPSPs and a decrease in both the amplitude and the peak latency of evoked population spikes. These changes cannot be attributed to handling, nor are they a consequence ofthe repeated clcctrical stimuli delivered to the perforant path. Moreover. the synaptic response alterations outlast changes in behavior, distinguishing them from the behavioral state "gating" efrect described by Abzug (1977, 1978) . Sharp and colleagues further reported that these changes were not related to the instantaneous behavior ofthe animal. Rather, a strong correlative relationship was found between the recent kistor.~, of exploratory activity [Vanderwolf s (1969) Type I, "theta" behaviors. including walking, sniffing, rearing] and the synaptic (EPSP) changes observed in different environmental situations. The synaptic response appeared to behave like a mathematical integrator of recent exploratory behavior, with a 5%15-min time constant. Most of the variance in the Sharp et al. (1989) where EPSP reflects the synaptic response ~IOI.~IIN~IXY~ to its lowest baseline value, Ex is a measure of exploratory behavior. k, and kZ are positive constants. The strength ofthis relationship and the wealth of experimental evidence for a hippocampal role in spatial learning and memory processes (O'Keefc and Nadel, 1978; Olton et al., 1978; Morris et al.. 1982; .larrard, 1983; Sutherland et al., 1983; Sharp et al.. 1985 led to the suggestion that the EPSP changes might reflect the temporary storage of information acquired as an animal actively reorients its sensorium in relation to its environment.
While the foregoing results indicate that the animal's interaction with its environment can lead to consistent and robust physiological changes within the fascia dentata, both the mechanism(s) ofthese changes and their role in hippocampal function remain to be determined.
One problem, crucial to an overall interpretation of these changes, is the question of whether they are associated with informational aspects ofenvironmental sensory input, or whether they are merely a consequence either of locomotion or of the hippocampal state change (theta rhythm) which invariably accompanies locomotion and sensory scanning (Vanderwolf, 1969; Winson, 1974) . By dissociating the specific contributions of motor behavior, EEG state, and the informational properties of environmental sensory input, it may be possible to determine the extent to which the physiological changes reflect the processing of information about the environment by the hippocampus and its associated circuitry. enhancement (LTE/LTP), these findings raise the possibility that the 2 efrects may share elements of a common mechanism.
In this report, we present experiments that address this problem. First, we describe results suggesting that growth in the synaptic response is causally related neither to the motor component of exploratory behaviors nor to the hippocampal theta rhythm itself. These data support the possibility that the synaptic changes may be related to the processing ofenvironmental information.
We further describe a series of experiments which indicate that a component of the evoked population spike alteration is modulated by the animals' familiarity with the current environmental situation. Finally, we provide additional evidence that at least part of the exploratory activity-associated EPSP growth reflects a genuine increase in perforant path synaptic efficacy. which is unaccompanied by an increase in fractional transmitter release. (Fig. 1,4) . The amount of granule cell discharge was estimated by computing the population spike area, taken as the area between the data curve and a line tangent to the curve at 2 points. Spike area is highly correlated with spike height under normal conditions (r > 0.90: Barnes. 1979 ). but, unlike suike heiaht. is much less influenced by discharge synchrony. The unique tangent points noted above were defined as the spike onset and offset times. Spike onset and peak latencies were determined by computing the time between the apparent EPSP onset and the spike onset. and peak spike amplitude times, respectively. EPSP amplitude at spike onset (spike threshold) was computed as the voltagedifference between a prestimulus baseline and the EPSP amplitude at the time of spike onset for each waveform. EPSP responses recorded from the stratum moleculare were assessed by measuring the amplitude difference between 2 points at fixed latencies from the stimulus artifact. To prevent contamination with synaptic current flow, presynaptic afferent fiber volley magnitude was taken as the peak positive amplitude (Fig. lB, arrow) .
computed (except where otherwise noted). Samples of EEG collected during sessions of walking on the treadmill and sitting quietly in the same apparatus along with the power spectra computed from those Artifact-free EEG epochs were subjected to fast-Fourier analysis, and I-min averages of the spectra1 power between 6.6 and 7. Results Figure 2 illustrates the major effects of exploratory activity on the evoked response parameters evaluated in this report. An individual rat was rapidly transported in its home cage from the animal colony to the recording room and immediately connected to the recording apparatus. In the first I O-1 5 min following the transfer, the animal exhibited substantial exploration and hippocampal theta activity ( Fig. 2A ). This was accompanied by a large (i 50%) gradual increase in EPSP amplitude (Fig. 2B ) and decreases in both spike onset latency (Fig. 2C ) and spike area ( Fig. 2/I ). Notice that the EEG theta activity is initially high and declines approximately exponentially, whereas the EPSP exhibits a gradual growth and a slow decline which long outlasts the presence of intense theta activity. This describes the behavior of an integrator with a slow time constant. Over the next 60 min. the animal was awake, but relatively quiescent, and EPSP and spike onset response amplitudes recovered toward their initial values. During minutes loo-120 (depicted by the bar) the room lights were extinguished, resulting in an increase in exploratory behavior and theta activity in the EEG. The abrupt increase in exploration led to a renewed gradual increase in EPSP amplitude and additional decreases in spike onset latency and spike area. Again, the alterations in the evoked response measures outlasted the behavioral and EEG changes by many minutes.
Further details concerning the individual experiments are described with the corresponding results.
~.~pcwmc~t~t 1: c~~n~rol,fiw .scn.sor~~ adaptation and trunsient rq~or~.cc~ d~~prcssion .fi,llowing environmental transfer
The following experiment was conducted in 4 rats in order to control for possible effects of sensory adaptation and to demonstrate that the EPSP change represents a true growth above baseline. rather than a recovery from some depressive effect of the environmental transfer. At 5 P.M. on the evening prior to the recording session, each rat was brought into the recording room in its home cage, which was placed on top ofthe triangular platform. The rat was connected to the recording apparatus and left with the home cage uncovered overnight in the recording room. At 9 A.M. the following morning the expcrimcnter entered the recording room, tapped gently on the side of the home cage to ensure that the rat was not asleep. and commenced a 3-hr recording session. Behavioral state was monitored and recorded after each stimulus delivery (once each 10 SK). After 30 min. the rat was taken out of its home cage and placed onto the triangular platform on which a variety of 'junk" objects had been placed. The rat was allowed to explore the platform for 33 min. after which it was replaced into the home cage under the baseline conditions for the remainder of the recording session.
The results from one rat are illustrated in Figure 3 . During the 30-min baseline condition the animals remained stationary. but awake, in the home cage, occasionally looking around or grooming. Exploratory activity accounted for less than IO% of behavior during the baseline period. During the 33 min on the triangular platform, the rats exhibited extensive exploratory activity and occasional bouts of grooming. Exploratory activity accounted for over 75% of the behavioral scores. Return to the home cage was accompanied by a bout of exploratory activity. followed by immobility and grooming. The amplitude of the EPSP remained stable during the baseline period, increased gradually during the exploration session to almost twice the baseline value, and decayed gradually back to baseline following return to the home cage. The spike area exhibited a slight reduction during the first few minutes of the baseline period and fell dramatically during the exploratory session. Unlike the EPSP, the spike area did not complctcly return to its baseline value during the 2 hr in the home cage following the exploratory session, although some recovery was observed. The spike onset latency exhibited changes that were roughly inverse to the EPSP changes. Figure 2. Some of the major changes in hippocampal evoked responses that are associated with, but outlast, exploration. Raw (nonnormalized) data from an individual animal are averaged in I-min bins and plotted as a function of time. Following transfer of an animal from the colony to the recording room (t = 0), there was initially a substantial amount of exploration and hippocampal theta activity (A) (which is highly correlated with such behavior). Exploration and the associated theta power declined over the first 20 min. During this time there was a gradual but large increuse in EPSP amplitude (B) and a corresponding decrease in spike onset latency (C'). Paradoxically, spike size declined during this period (D). EPSP and spike onset values recovered gradually over the next 60 min while the animal was awake, but relatively quiescent. During minutes lOO-I20 (depicted by the bar) the room lights were extinguished. This resulted in an increase in exploratory behavior and theta activity in the EEG. The increase in exploration led to an additional gradual increase in EPSP amplitude and decreases in spike onset latency and spike area. Again, these changes outlasted the behavioral and EEG state changes. As shown by Sharp et al. (1989) , the EPSP change appears to be related to the time integral of the exploratory behavior, with a decay time constant of many minutes.
Experiment 2: role of motor activity in evoked response alterations
In order to dissociate the effects on evoked responses of the motor components of exploratory activity from those due to variation in sensory input, we examined chronically prepared animals in several environmental situations. This experiment was designed to separate out the effects of locomotion by holding the sensory experience relatively constant.
In experiment 2a, 5 rats were surgically prepared as described above. After recovery from surgery the rats were given an extensive period oftraining in the treadmill apparatus. The formal experiments began 3 weeks after initiation of training. For the recording sessions, each rat was carried in its plastic tub to the recording room, connected to the recording apparatus, and returned to the tub. For logistical reasons, it was not possible to conduct overnight baseline recordings as described in experiment 1. However, in this experiment, the elapsed time between initial handling of the tub in the colony room until commencement of recording ranged between 60 and 120 sec. Thus, there would have been little opportunity for response change prior to the initiation of recording. Following the initial 10 min in the plastic tub (TUB), rats received 10 min in the stationary treadmill (TM) and then 15 min in either the Plexiglas recording chamber (condition A) or the moving treadmill (condition B).
The animals were then returned to the stationary treadmill for 10 min. The environments were situated in the same room (within an area 5 ft'), and transfer between environments was accomplished in less than 10 set; hence, there was no interruption in data collection during the transfers. The animals' be-havior at the time of each perforant path stimulus was categorized as either exploratory or nonexploratory, as defined above. These experiments were conducted for 6 successive days, with each type of session (A or B) conducted on alternate days.
Behavior and cvokcd EPSP. Data for experimental conditions RC and TM are illustrated in the corresponding columns of Figure 4 . The first and second rows show the behavioral and EPSP data averaged across days and animals. Substantial exploratory behavior was exhibited over the first 10 min of all sessions (TUB). Increases in the incidence of exploratory behavior also generally occurred immediately following each environmental transition.
The incidence of exploration declined fairly rapidly over the next several minutes. There was no consistent change in this pattern over days.
The initial transfer from the colony room resulted in a substantial increase in EPSPamplitude.
After the first 20 min, EPSP values increased on average to a value of 1.39 t 0.028 (SEM) in condition A and 1.54 i 0.033 in condition B. Comparisons of EPSP values for minutes 1 and 20 indicated that this increase was significant in each condition @ < 0.01). At the moment of each successive transfer (except the last), there was a transient reduction in EPSP amplitude. This transient reduction recovered rapidly. Activation of the treadmill in condition B resulted in a precipitous reduction in EPSP amplitude.
When the treadmill was turned off, there was an abrupt recovery to a point approximately equivalent to the value at the end of the TM phase. In other words, intense locomotor activity in the treadmill produced no additional EPSP growth. Transfer to the RC resulted in a similar, although less substantial, attenuation in EPSP amplitude.
However, the latter attenuation was not maintained as in the corresponding period in the TM condition. In addition, note that the elevation of "theta behavior" was correspondingly not maintained throughout this phase. There was no significant change across the 6 d of the experiment in the initial EPSP amplitude (F(5, 25) = 1.59, p > 0.2), indicating that any changes that occurred during the experiments had dissipated by the next day.
The foregoing results suggested that there are 2 components to the changes in the EPSP in relation to behavior: a cumulative growth, related to the recent history of exploratory activity, and a superimposed, transient attenuation, related to the instantaneous state of locomotion. It was of theoretical interest to determine whether the transient locomotion-related EPSP attenuation was proportional to the absolute magnitude of the EPSP at the time of the effect, or to the net EPSP growth over baseline. One-minute averages of EPSP amplitude were computed for each animal for each of the 3 d that the animals were exposed to the moving treadmill. The magnitude of momentary EPSP reduction was then plotted as a function of the EPSP amplitude just prior to treadmill activation, and the data were fitted using a linear regression model. The intercept of the regression line with the EPSP axis was very close to 1.0 rather than to zero, indicating that the EPSP reduction was proportional to the net EPSP growth just prior to walking (F( 1. 26) = 33.749, p = 0.000 1; see Fig. 5, 4) adaptation. Nor are these effects due to recovery from transient aherations that might occur during the course of moving animals from their normal colony room to the recording room. The raw data shown here are from one of the rats that were placed in the recording apparatus in their home cages overnight prior to the actual recording session. At the start of the session, the cage was gently tapped to ensure that the animal was awake. During the first 30 min, the animals sat quietly or groomed at least 90% of the time. During the next 33 min. they were simply picked up and placed on the platform on which the home cage had been resting and allowed to explore various "junk" objects placed there. The period of exploration is indicated by the shaded hur. tions and for the TUB-to-TM transitions. Again, in each situwere carried out using stimulus intensities well below the threshation, the attenuation of EPSP amplitude was proportional not old for producing a population spike. The results were very to the absolute value of the EPSP per se, but to the magnitude similar in terms of both the exploration related EPSP growth of EPSP growth just prior to the transition into either the RC and the proportional attenuation associated with forced loco-(F = 8.156, p = 0.0156; Fig. 5B ) or the TM (F = 42.472, p = motion. 0.0001; Fig. 5C ). Similar experiments to those just described Evoked population spike. The population spike data for ex- indicating that any effects observed during a given day's recording had dissipated at least by the following day. Within sessions, spike area declined gradually over the first 20 min in the 2 session types (min 1 vs min 20; p < 0.01). A substantial, but transient, elevation in spike area occurred both when animals were transferred into the Plexiglas recording chamber (condition A) and when the treadmill was turned on (condition B). Changes in spike onset and peak latency paralleled each other, dropping to near asymptotic levels over the first 10-l 5 min in both session types (min 1 vs min 20; p < 0.01). Final values for spike onset and peak latency were generally smaller for condition B than for condition A. This result is consistent with the greater final growth of the EPSP in the B condition. The relationship between EPSP growth and both spike onset latency and spike peak latency was further evaluated by plotting the fractional change in the latter measures as a function ofthe fractional EPSP growth over the initial 10 min following transfer into the TUB for each animal. In general, there was a statistically significant negative correlation between EPSP growth and spike onset latency whenever there was robust EPSP growth. The correlation between EPSP growth and spike area decline was less consistent.
Spike activation threshold. In order to estimate the relative extracellular synaptic current flow at the onset of granule cell population discharge (i.e., spike activation threshold), the EPSP amplitude at spike onset time was computed as described in Materials and Methods. These results are plotted in Figure 6A , along with the corresponding EPSP amplitudes (replotted from Fig. 4 in order to facilitate comparison). For statistical purposes, spike threshold values were compared at minutes 1, 5, 10, 15, and 20 for day 1. As can be seen from the figure, there was no consistent change in EPSP amplitude at spike onset over this time, when EPSP growth was at a maximum (F(4,20) = 0.052, p > 0.8). Activation of the treadmill resulted in an abrupt decrease in activation threshold, which recovered immediately upon cessation of treadmill movement. Comparisons of threshold values for the 2 min immediately preceding and subsequent to activation of the treadmill indicated that this decrease was significant @ < 0.05). Introduction to the RC appeared to produce a similar, though transient, threshold decrease (Fig. 6A) ; however, this decrease was not statistically significant.
The failure of treadmill walking to produce significant EPSP growth suggests that the growth is not directly related to motor activity, but rather to the changes in sensory input that accompany exploratory behavior. A caveat to this conclusion, however, results from the possibility that EPSP growth had already reached maximum by the time treadmill walking was initiated. In order to explore this possibility, use was made of the fact that daily exposure to a particular environment results in a reduction of exploratory behavior and a concomitant reduction in EPSP growth. Exploration can be reinstated, however, by for day I (I($ column) and day 4 (r&r column) of experiment 5. Notice that the spike threshold does not change during the phase of maximal EPSP growth, and that the reduction of the EPSP during vigorous locomotion is accompanied by a slight decrease in spike threshold. Abbreviations as in changing the environmental conditions in some way, for example, altering the ambient lighting. Thus, for experiment 2b, each of IO rats was carried in a plastic tub to the recording room, connected to the recording apparatus, and returned to the tub. Following the initial I5 min of exploration in the plastic tub, each rat was placed into the treadmill, moving at 9 cm/set. After 2.5 min in the treadmill, the rat was returned to the plastic tub for an additional 12.5 min. Five recording sessions were conducted using this procedure. The sixth recording session was conducted exactly like the first 5, except that the animals were tested under red light conditions in order to facilitate exploration.
The results of this experiment are summarized in Table I . Animals exhibited the greatest amount ofexploration and EPSP growth on day 1, and a general decrease in both exploration and EPSP growth on days 2 through 5. However. during the last testing session conducted under red light, both exploration and EPSP growth observed during the first I5 min attained levels similar to those observed in the first testing session (Table 1) . Thus, the failure of the EPSP to grow during treadmill walking cannot be attributed to the presence of a growth "ceiling" attained prior to the treadmill episode. Similar results are shown in Figure 9 (experiment 5). The preceding experiments demonstrated that neither motor activity nor the associated theta in the hippocampal EEG is Figure   7 . Experiment 3. The theta rhythm of the hippocampal EEG that normally accompanies exploratory activity or forced locomotion is unnecessary for the full expression of the exploration-associated evoked response alterations. In this experiment, the animal was placed overnight in the recording apparatus in its home cage, as in experiment 1. After 30-min baseline recording, 0.7 ~1 of a 2% solution of the local anesthetic tetracaine was injected into the medial septal region via a chronically implanted cannula. As documented more fully by Mizumori et al. (1989a) , this treatment was sufficient to abolish the hippocampal theta rhythm for 20 min or more. This is illustrated by representative EEG records (first 4 traces of righr pa&) and by the abrupt decline in relative EEG power in the 6-~-HZ band (lower left). Immediately following the injection, the animal was allowed 20 min free exploration of the platform on which the cage had rested (indicated by the cross-hatched bars) and was then returned to the home cage in the original location. A second 20-min episode of exploration was allowed 40 min later (shaded bars), after the effects of the local anesthetic on the theta rhythm had worn off (see lower 4 EEG records, right panel) and the original response changes had recovered somewhat. This second period of exploration resulted in additional EPSP growth and spike depression. Abolition of the theta rhythm by tetracaine had no effect on the exploration-associated EPSP and population spike changes. sr~fficicnt to produce the robust response alterations that accomthe medial septum immediately prior to the exploratory session. pany exploratory activity. The present experiment was conAs demonstrated by Mizumori et al. (1989a) , this treatment is ducted to determine whether hippocampal theta rhythm was a sufficient to abolish the hippocampal theta rhythm. Control nccc.~~~~prerequisite for these effects. The experiment was consessions, in which no injections were made, were carried out in ducted using the same protocol as in experiment 1, with the rat the same animal.
being left overnight in the recording apparatus. In the present
Injection of tetracaine into the medial septum resulted in a experiment, however, 0.7 ~1 of 2% tetracaine was injected into complete abolition ofexploration-related hippocampal theta re- , and percent EPSP growth over baseline following a period of walking on the treadmill. Note the decrease in exploratory behavior between sessions 1 and 5, and the corresponding reduction in pretreadmill EPSP growth. When exploration was facilitated by testing the animals under red light (session 6), both exploratory behavior and EPSP growth increased substantially (session 6 vs session 5, p -C O.Ol), indicating that the reduction in EPSP growth in session 5 was not due to changes in the potential (Le., ceiling) for EPSP growth. Treadmill walking did not produce further increases in EPSP amplitude in any of the sessions (all comparisons, p > 0.2). The results of a similar experiment are shown in Figure 9 .
y Different from session 1 @ -C 0.05).
/I Different from session 5 (JI < 0.01).
corded from the same electrode from which the evoked responses were obtained (see Fig. 7 ). Nevertheless, the period of exploration was accompanied by a substantial and persistent increase in the EPSP and a corresponding decrease in the evoked population spike. The fractional changes in these components relative to baseline did not differ from control sessions.
Experiment 4: evoked EPSP changes measured in the molecular layer Estimates of synaptic current flow recorded from the major current source in or below the stratum granulosum and from the site of synaptic activation in the stratum moleculare (the current sink) are generally assumed to parallel each other. However, recent observations indicate that, under certain conditions (i.e., different anesthetics and/or activation of subcortical afferents), the 2 may not always covary in a uniform manner Winson and Dahl, 1985; Pavlides et al., 1988) . In this experiment, EPSP data were collected simultaneously from both sites in order to verify the general pattern of EPSP results obtained with stratum granulosum recordings. The electrodes in stratum moleculare also enabled an assessment of the presynaptic fiber response. Two rats were surgically prepared with a stimulating electrode in the angular bundle, and a pair of recording electrodes mounted on a movable microdrive. The recording electrodes were mounted side-by-side on the microdrive such that the tips were separated (dorsoventrally) by about 400 I,tm. One day prior to the start of the formal recording sessions, the position of the electrode pair was adjusted until perforant path evoked responses recorded from the superficial electrode indicated that it was at the EPSP reversal point. The electrode pair was then withdrawn (dorsally) 180 lrn into the molecular layer. Thus, the evoked response was recorded simultaneously from 2 points near the principal sinks and sources of synaptic current, respectively.
For the recording sessions, each rat was carried in its plastic tub to the recording room, connected to the recording apparatus, and returned to the plastic tub. Perforant path stimuli were delivered at 0.1 Hz, and evoked responses were sampled simultaneously from both recording electrodes at 20 kHz. Following an initial 10 min in the plastic tub (TUB), rats were tested for 10 min in the stationary treadmill (TM), followed by 15 min in the activated treadmill (9 cm/set) and a final 10 min in the stationary treadmill. Each rat received 4 d of testing.
Sample waveforms simultaneously recorded from both sites are shown in Figure lB , and the results of the experiment are illustrated in Figure 8 . The pattern and magnitude of EPSP fluctuations observed from electrodes at the 2 sites were essentially identical to one another. EPSPs recorded at both locations exhibited substantial (> 50%) growth in amplitude over the initial 20 min, and a reduction during the transition to the TM and when the treadmill was activated. One rat exhibited a prominent presynaptic fiber potential which was not substantially altered during any phase of these experiments. The fiber potential from the second animal was contaminated by stimulus artifact and was therefore not reliably measurable.
Experiment 5: role of altered transmitter release probability in evoked response alterations as assessed by paired-shock depression ratios Two general classes of activity-dependent increases in synaptic efficacy have been recognized in the fascia dentata: (1) the relatively short-term increases in synaptic efficacy known as facilitation, augmentation, and potentiation (McNaughton, 1980 (McNaughton, , 1982 , and (2) the longer-term increase in synaptic efficacy known as long-term synaptic enhancement (LTE), or long-term potentiation (LTP; Bliss and Gardner-Medwin, 1973; Bliss and Lomo, 1973; Douglas and Goddard, 1975; McNaughton et al., 1978; Andersen et al., 1980) . McNaughton (1980 McNaughton ( , 1982 has demonstrated that these short-term changes in synaptic efficacy can be observed at perforant path synapses, where they closely resemble similar changes at neuromuscular synapses (Magleby and Zengel, 1975, 1976a, b) and, as at neuromuscular junction, they result from a calcium-dependent increase in the fractional probability of transmitter release (the quanta1 parameter p). Conditions associated with large values of p (such as augmentation and potentiation) act to increase transmitter depletion, and, hence, the magnitude of EPSP depression observed in the second of a closely spaced pair of perforant path responses. Conversely, conditions associated with small values of p, such as low extracellular calcium, act to decrease EPSP depression (McNaughton, 1980 (McNaughton, , 1982 . In the following experiment, paired shocks were delivered to the perforant path in order to evaluate the possibility that alterations in the fractional probability of transmitter release could account for the EPSP growth associated with environmental exploration.
Stimulation and recording procedures were identical to those used in experiment 2a except that paired shocks (400 msec ISI), rather than single shocks, were delivered to the perforant path at 0.1 Hz. The 5 chronically prepared rats used in experiment 2a were transported to the recording room in their plastic tubs, connected to the recording apparatus, and then placed in the stationary treadmill. After 10 min, the treadmill was turned on for 5 min at relatively high speed (16 cm/set), followed by 5 min at low speed (5 cm/set), and then 5 min at the intermediate speed used in experiment 2a (9 cm/set). During the final 5 min the treadmill was stationary. Behavior was scored as described above. This experiment was carried out over 3 consecutive days. The procedure for the fourth day was similar to that used for days 1 through 3, except that the treadmill was maintained at a constant.speed (9 cm/set) for the entire 15-min walk session, and, during the middle 5 min (minutes 16-20) of that session, the room lights were turned off.
Behavior, EEG, and evoked EPSP. The results for days 1, 3, and 4 of this experiment are depicted in Figure 9 . The results for day 2 were intermediate between those for days 1 and 3 and, for the sake of brevity, are not shown here. On day 1, considerable exploratory behavior and power in the EEG theta band was exhibited over the first 10 min of the session (in the stationary treadmill). This was accompanied by a large growth in the EPSP. Activation of the treadmill resulted in a precipitous momentary attenuation in EPSP amplitude. However, there was very little effect of treadmill velocity. When the treadmill was turned off, there was an immediate recovery of EPSP amplitude, followed by a gradual decline.
There was no significant variation in the initial EPSP values over the 4 d of the experiment (F(3, 12) = 2.228, p > 0.13). Exploratory behavior and theta power during the initial 10 min in the stationary treadmill declined over days (Fig. 9) . Correspondingly, there was a significant reduction in EPSP growth during this period (F(3, 12) = 9.848, p = 0.00 15). EPSP growth was greater on day 1 than on each of days 2, 3, and 4 (all p < 0.05).
It is important to emphasize that in spite of the fact that the EPSP growth on day 4 was considerably less than the maximum value observed on day 1, there was, nevertheless, virtually no growth of the EPSP during treadmill walking. Therefore, the failure of the EPSP to grow during treadmill walking cannot be attributed to a ceiling efect.
The reduction in the EPSP growth over the course of this experiment was accompanied by a decrease in the movementrelated EPSP attenuation during sessions on the moving treadmill. The relationship between EPSP and movement was assessed as described in experiment 2a. Again, the attenuation during walking showed a strong linear relationship to the prior growth of the EPSP (F( 1, 18) = 118.04, p = 0.0001; see Fig.  5D ) rather than to its absolute value.
EPSP amplitude at spike onset was also evaluated as described in experiment 2a, and the results are illustrated in Figure 6B . There was again no consistent change in spike onset threshold over the first 10 min, the period of maximal EPSP growth (evaluated at minute 1, 5, and 10 of day 1; F(2, 10) = 0.018, p > 0.9). Walking on the treadmill resulted in a moderate, though significant, decrease in onset threshold at each treadmill speed (all p < 0.05) but recovered immediately with cessation of treadmill movement.
Paired-shock eficts. Paired-shocks (400 msec ISI) resulted in fractional EPSP changes which were similar in pattern (i.e., net EPSP depression) and in magnitude to those obtained from the medial perforant path in anesthetized and in vitro preparations (McNaughton, 1980) . Figure 10 shows the average EPSP amplitude and the corresponding average fractional (within pair) EPSP change plotted as functions of time. There was no consistent change in fractional EPSP depression over the course of the first 10 min of the session, during the time of maximal EPSP growth (evaluated at minute 1, 5, and 10 of day 1; F(2, 10) = 0.321, p > 0.7). However, walking on the treadmill produced a moderate, though significant, reduction in fractional depression, which recovered during the final 5 min when the treadmill was stationary. Fractional EPSP values associated with treadmill walking at each speed were significantly lower than those during the minute just prior to activation of the treadmill and those during the 5-min period at the end of the session when the treadmill was stationary (all comparisons, p < 0.025). A similar pattern of results (i.e., no significant change in fractional TUB TM t (OFF) (9 %) (i:) Figure 8 . Experiment 4: Evoked EPSP data normalized relative to a baseline value of 1 .O, collected simultaneously from the stratum granulosumlhilw (top panel), and from the stratum moleculare (middle panel). The bottom panel shows presynaptic fiber potential data. These data indicate that the exploration-dependent EPSP growth is due neither to a significant shift in the distribution of current sources and sinks along the granule cell dendrites, nor to a change in the number of perforant path fibers activated by the stimulus. Abbreviations as in Figure 4 .
depression during the period of maximal EPSP growth) was obtained using a between-shock interval of 30 msec. Evoked spike. On day 1 the animals exhibited a reduction in spike area over the course of the first 10 min in the stationary treadmill, similar to that observed in previous experiments (Fig.  9) . When the treadmill was turned on at high speed (16 cm/set), there was a transient elevation of spike area. By the end of the high-speed walk session, spike areas had returned to values approximately equal to those observed just prior to turning on the treadmill (minute 10). A reduction in treadmill speed to 5 cm/set also resulted in a transient increase in spike area. These . Average group means for the behavioral, EEG, and normalized evoked response parameters plotted as functions of time (5 minIdivision). The 3 columns show data from days 1, 3, and 4, respectively. The second row shows the EEG spectral power between 6.6 and 7.4 Hz (averaged in I-min bins). It is important to note that, by day 4, both exploratory behavior and theta activity during the initial 10 min had declined substantially. This decline was associated with a corresponding reduction in explorationdependent EPSP growth. Thus, EPSP growth at the end of the first 10 min on day 4 was nowhere near maximal. Nevertheless, the intense locomotion in the treadmill failed to induce further growth. RS = population spike. transient increases were superimposed on a gradual decline that continued throughout the recording session. Thcrc was no consistent change in the initial spike arca values (p(3. 15) r 1.683, p > 0.23) or in the mean fractional spike dccltne during the first 10 min (F(3, 15) = 0.55,p > 0.65) across the 4 d of this experiment.
Averages of spike area for the 30 set immediately preceding and subsequent to each transition were computed for each subjcct on each of days 1-3. A 2-factor (days and transition type within subject), repeated-measures ANOVA performed on these data revealed a significant effect ofcondition (fi'(3, 12) = 6.743, p = 0.0064). but no significant effect of day 0, < 0.2) or day by condition interaction (p > 0.2). Post hoc comparisons indicated that the spike increases associated with the first transition (O-16 cm/see walk) were significantly greater than the subsequent transitions (p < 0.05). Averages of spike area for the 30 set Immcdiatcly preceding and subsequent to turning off the room lights on day 4 rcvcaled a small, transient increase in spike area associated with this manipulation (paired t = 2.182. p < 0.05, one tail).
Spike onset latency data for days I, 3, and 4 are illustrated in the bottom row of Figure 9 . The relationship between EPSP growth. spike onset latency, and spike area was evaluated as in cxperimcnt 2a. As observed in experiment 2a, there was a significant negative correlation between spike onset latency and EPSPgrowth whenever EPSP growth was robust; the correlation between EPSP growth and spike area decline was somewhat less consistent (Table 2 ).
Discussion
The major effects ofexploratory activity observed in the present study arc consistent with those reported previously (Sharp et al.. 1986 (Sharp et al.. . 1989 ). Environmental transitions led to an increase in the incidence ofexploratory behaviors and hippocampal theta activity. a substantial and persistent elevation in the size of the evoked field EPSP, and a reduction in the latcncies to population spike onset and peak. There was a paradoxical decrease in spike magnitude. Of paramount interest is the fact that these changes in response parameters considerably outlasted the exploratory behaviors that induced them. In addition, a number of important new observations were made that aid in the interpretation of the possible mechanisms and functional signilicance of these effects.
First. the EPSP growth was not associated with any change in the compound action potential of the presynaptic afferent fibers. Nor was there a change in the apparent threshold of the postsynaptic population spike. Thus, neither the EPSP growth nor the reduction in population spike onset latency can be at-
The Journal of Neuroscience, The lack of an increase in the fractional depression parameter suggests that the growth of the EPSP is not due to an increased probability of transmitter release (see Discussion).
tributed to a change in either perforant path or granule cell excitability. EPSP growth was invariably accompanied by a general decline in the size of the evoked population spike. This decline was not increased by intense locomotor activity on the treadmill.
It was, however, increased by additional bouts of exploration (e.g., Figs. 2 and 7) . The decline in evoked spike discharge was substantially more persistent than the elevation ofthe EPSP, suggesting that the 2 phenomena arc not necessarily coupled.
Superimposed on the exploration-related spike decline was a transient elevation in spike amplitude. This occurred whenever the animal was exposed to a novel experience, such as transitions between environments, changes in room illumination. activa- Figure   II . Schematic summary of the hypothesis proposed to account for the sequence of response changes that accompany environmental exploration. We propose that exploration in a particular environment may result in the increased firing of a small, specific subset of perforant path fibers, those which are driven by the particular sensory features present in that environment. This elevation in firing rate could result in the activation of some form of synaptic strengthening in the terminals of the active fibers, which would be manifested as an increase in evoked field EPSPs. However, during intense locomotion, the increase in granule cell depolarization associated with tonic activity of the strengthened synapses would reduce the evoked synaptic current flow in response to perforant path stimulation. Under the assumptions that (1) the modified synapses are the same ones that are spontaneously active during walking in a given environment, and (2) that nonmodified synapses are relatively weak, the reduction in observed EPSP would be in proportion to the total number of modified synapses activated by the stimulating electrode. Hence, the walking induced momentary EPSP reduction would be proportional to the net growth of the EPSP rather than to its absolute amplitude. To account for the apparent paradox that exploration causes a simultaneous reduction in spike amplitude and spike onset latency, we assume that synaptic strengthening also occurs at some perforant path synapses onto inhibitory interneurons. This would produce a general increase in evoked feedforward inhibition, which would result in suppression of firing of the longer latency units contributing to the population spike, hence shifting the apparent peak to the left. Alternatively, the same general effect could result from the modulation of intemeuron excitability by afferents from other neural structures.
tion of the treadmill, or simply changes in its speed. Thus, this component of evoked spike alteration might be related to novelty.
Second, simultaneous recordings from the stratum moleculare and the stratum granuIosum/hilus provide strong evidence that the EPSP growth observed in these experiments did not result simply from a change in the cable properties of granule cell dendrites. An increase in dendritic membrane resistance, for example, might increase the transfer of synaptic charge to the granule cell somata and hence act to produce greater source current flow in this region. Such an alteration would be consistent with the reduction in spike onset latency that accompanies EPSP growth. However, the magnitude and pattern of EPSP growth recorded in the stratum granulosum/hilus and stratum moleculare were essentially identical. Thus, EPSP growth cannot be accounted for by a redistribution of current sinks and sources.
In addition, this observation confirms that the EPSP changes are generated in the fascia dentata and do not result from volume conduction from other regions.
Third, as noted by Sharp et al. (1989) during periods of intense locomotor activity such as transitions between environments or, as in the present experiments, treadmill walking, there was a substantial, but transient, decline in the field EPSP amplitude. The proportional reduction of EPSP amplitude during treadmill walking was independent of stimulus intensity over a broad range. The EPSP reduction recovered immediately upon cessation of the treadmill activity. Sharp et al. (1989) reported that this sort of attenuation did not occur in the absence of prior EPSP growth. In the present studies, we found that the attenuation was strictly proportional to the magnitude of the EPSP growth just prior to locomotor activity, rather than to the absolute amplitude of the EPSP itself. This observation indicates that it is only the modified component of the population EPSP that is subject to the locomotion-induced transient suppression.
A possible implication of this is that there are 2 separate groups of synapses contributing to the modified and nonmodified components, respectively.
Intense locomotor activity was also accompanied by a transient decline in the apparent spike threshold. Such a decline in field EPSP and apparent spike threshold would be expected, for example, if the granule cells were subject to a tonic depolarizing influence. Apart from this threshold change, there were no consistent changes in population spike parameters resulting from stationary locomotor activity in the treadmill.
Particularly important was the finding that treadmill activity did not lead to the same sort of persistent alterations that were induced by comparable periods of exploratory activity. Thus, intense locomotion on the treadmill and the accompanying robust theta rhythm in the EEG failed to induce significant EPSP growth, even though levels of pretreadmill EPSP growth (and exploratory behavior) were quite low (experiment 5, Fig. 9 ). That the general reduction in initial EPSP growth was related to the reduced exploration, and not to a change in the potential for EPSP growth, is supported by the results from experiment 2b (see Table 1 ). In that experiment, animals exhibited a general reduction in both exploratory behavior and EPSP growth over the course of 5 testing sessions, but showed substantial increases in EPSP growth during a sixth session in which exploration was facilitated by testing the animals under a red light. Taken together, the data strongly suggest that neither locomotion per se nor the increased hippocampal theta rhythm are sujicient to account for the persistent response alterations.
As a further control, experiments in which baseline conditions were recorded prior to environmental transitions demonstrated that the EPSP growth was not simply a recovery from the depression that is associated with exploration-related or other locomotion. Moreover, as the home cage in which the baseline recordings were carried out was transparent and uncovered, general sensory adaptation cannot account for the observed response changes.
Fourth, injection of the local anesthetic tetracaine into the region of the medial septal nucleus resulted in complete abolition of the hippocampal theta rhythm during exploration. Nevertheless, this failed to affect the persistent alterations in the evoked response. Thus, hippocampal theta rhythm is not necessary for these changes, which indeed appear completely unrelated to the hippocampal EEG state. Although other interpretations are possible, the dissociation ofthe observed response changes from both the locomotor and EEG correlates of exploration leads strongly to the conclusion that these changes must be due to the variation in sensory input that accompanies exploration.
Finally, growth of the EPSP was not accompanied by any change in the fractional EPSP depression in response to paired stimulation of the perforant path. Previous studies have shown that conditions which alter transmitter release probability, such as altered extracellular Ca2+ or the induction of short-term facilitation, augmentation, and potentiation, result in substantial changes in the relative sizes of EPSP responses to paired shocks (McNaughton, 1980 (McNaughton, , 1982 . Although additional factors may also contribute to the observed paired shock effects, the fact that no changes were observed during the period of maximal EPSP growth in the present study indicates that the mechanism of the exploration-related growth does not involve these particular presynaptic processes. It is of interest that high-frequency-stimulation-induced LTE/LTP is also not accompanied by such changes (McNaughton, 1982) . This leaves open the possibility that exploration-induced EPSP growth and LTE may share elements of a common mechanism. However, any such relationship remains to be demonstrated, perhaps through pharmacological blockade of the NMDA receptor complex. Sharp et al. (1989) considered several possible classes of explanation for the main effects of exploration on the field EPSP and population spike, including (1) increased perforant path synaptic efficacy, (2) increased extracellular current flow due to hyperpolarization of the granule cell population, or (3) a combination of these 2 processes occurring on different elements of the population.
In the present study, the reduction in spike onset latency during the period of maximal EPSP growth argues against hyperpolarization of the granule cells. Hyperpolarization should have increased spike latency, as, for example, occurs during recovery from paired pulse inhibition. Moreover, the stability of the apparent spike threshold is also inconsistent with the hyperpolarization hypothesis. Hyperpolarization of a subset of the granule cells should have produced an increase in the net extracellular current flow at spike threshold, unless it was exactly matched by an equivalent reduction in current flow (i.e., a depolarization) from other granule cells, in which case there should have been no net EPSP growth. The sensitivity of the measurements on the field EPSP to detect such changes in polarization state is supported by the observation that application of L-glutamate to granule cell dendrites in vitro decreases both the field EPSP and the apparent spike threshold (Green and Rao, unpublished observations). Taken together, the foregoing considerations indicate that the persistent EPSP growth that accompanies exploration reflects a true increase in evoked synaptic efficacy in granule cells.
General hypothesis
The pattern of results observed in these experiments is sufficiently complex to preclude any simple, unitary explanation. The following hypothesis, however, accounts at least in part for a number ofthe main effects (Fig. 11) and is proposed primarily for the purpose ofgenerating testable predictions to guide future experiments. We propose that exploratory movement in a given environment results in the increased firing of a small, specific set of perforant path afferents which are driven by the particular sensory features present in that environment. As most hippocampal and entorhinal cortical neurons are strongly modulated by locomotion (Ranck, 1973; Fox and Ranck, 1975; Rose et al., 1983; Quirk et al., 1987) we assume that the selected afferents are strongly activated only during movement. This elevation in firing rate, we suppose, results in the activation of some relatively persistent form of synaptic strengthening in at least some of the terminals of the fibers concerned.
If the elevation in synaptic efficacy at the selected synapses were rather substantial relative to the "ground state," the increase in granule cell depolarization associated with tonic activity of those synapses during locomotion would reduce the evoked synaptic current flow in response to perforant path stimulation, in much the same way that application of L-glutamate to hippocampal cells in vitro reduces the evoked field EPSP (Collingridge et al., 1983; Green and Rao, unpublished observations) . This would explain the reduced EPSP and spike threshold observed during walking and could account for the fact that the abrupt attenuation of EPSP values during intense locomotion is proportional to its previous growth rather than to its absolute magnitude.
The persistent decline in spike amplitude resulting from exploration and the transient spike increase that accompanies novelty remain to be accounted for. At least 3 different factors might contribute to these effects. One is that perforant path synapses onto inhibitory intemeurons also increase in strength (Buzsaki and Eidelberg, 1982; Kairiss et al., 1987; Taube and Schwartzkroin, 1987) and that this increase is more persistent than that which occurs on granule cells. The resulting increase in feedforward inhibition ofgranule cells could account for the reduced Effects on Dentate Evoked Responses spike. A second possibility is that of persistent changes at the inhibitory synapse itself. However, this possibility seems unlikely since it would be expected to have led to a general elevation of spike threshold, which was not observed. Finally, the Fantie BD, Goddard GV (1982) Septal modulation of the population spike in the fascia dentata produced by perforant path stimulation in the rat. Brain Res 252~227-237. Fox SE, Ranck JB Jr (1975) Goddard GV (1987) Field potential evidence for long-term potentiation of feed-forward inhiany apparent effects on the EPSP; these include the medial septurn (e.g., Alvarez-Leefmans and Gardner-Medwin, 1975; Fantie and Goddard, 1982; Robinson and Racine, 1986) , median raphe (e.g., Winson, 1980) , locus coeruleus nucleus parafascicularis (Dahl and Winson, 1986) , and supramammillaty nucleus (Winson, 1981; Mizumori et al., 1989b) . The involvement of locus coeruleus and/or the raphe nuclei seems particularly plausible given the propensity of some cells in these areas to be activated by novel stimuli (e.g., Astonbition in the rat dentate gyrus. Brain Res 40 1:87-94. Magleby KL, Zengel JE (1975) the population in a nonspecific manner in which there is no Jones and Bloom, 1981) and under conditions of behavioral arousal (e.g., Trulson anh Jacobs, 1979) .
We cannot yet rule out the possibility that the cellular changes underlying the phenomena described are distributed throughout mapping between the particular neuronal elements affected and the particular environment explored. Nevertheless, the increased synaptic current and decrease in evoked granule cell discharge resulting from environmental exploration suggest the possibility that exploration may result in a substantial increase in the specificity of granule cell output associated with a particular environment.
The most consistent explanatory hypothesis we are able to suggest is based on the assumption of such selectivity. One function of such a change might be the formation of an efficient representation of the local environment involving relatively few granule cells.
